Background: In Ethiopia, despite considerable improvement of measles vaccination, measles outbreaks is occurring in most parts of the country. Understanding the neighborhood variation in childhood measles vaccination is crucial for evidence-based decision-making. However, the spatial pattern of measles-containing vaccine (MCV1) and its predictors are poorly understood. Hence, this study aimed to explore the spatial pattern and associated factors of childhood MCV1 coverage. Methods: An in-depth analysis of the 2016 Ethiopia demographic and health survey data was conducted, and a total of 3722 children nested in 611 enumeration areas were included in the analysis. Global Moran's I statistic and Poisson-based purely spatial scan statistics were employed to explore spatial patterns and detect spatial clusters of childhood MCV1, respectively. Multilevel logistic regression models were fitted to identify factors associated with childhood MCV1. Results: Spatial hetrogeniety of childhood MCV1 was observed (Global Moran's I = 0.13, p-value < 0.0001), and seven significant SaTScan clusters of areas with low MCV1 coverage were detected. The most likely primary SaTScan cluster was detected in the Afar Region, secondary cluster in Somali Region, and tertiary cluster in Gambella Region. In the final model of the multilevel analysis, individual and community level factors accounted for 82% of the variance in the odds of MCV1 vaccination. Child age (AOR = 1.53; 95%CI: 1.25-1.88), pentavalent vaccination first dose (AOR = 9.09; 95%CI: 6.86-12.03) and third dose (AOR = 7.12; 95%CI: 5.51-9.18, secondary and above maternal education (AOR = 1.62; 95%CI: 1.03-2.55) and media exposure were the factors that increased the odds of MCV1 vaccination at the individual level. Children with older maternal age had lower odds of receiving MCV1. Living in Afar, Oromia, Somali, Gambella and Harari regions were factors associated with lower odds of MCV1 from the community-level factors. Children far from health facilities had higher odds of receiving MCV1 (AOR = 1.31, 95%CI = 1.12-1.61). Conclusion: A clustered pattern of areas with low childhood MCV1 coverage was observed in Ethiopia. Both individual and community level factors were significant predictors of childhood MCV1. Hence, it is good to give priority for the areas with low childhood MCV1 coverage, and to consider the identified factors for vaccination interventions.
Background
Measles is a very contagious respiratory disease caused by measles virus and spreads through respiratory droplets when an infected person coughs or sneezes [1] . It is a vaccine preventable disease that can cause serious illness, lifelong complications and death. In 2014, it was estimated that 114,900 deaths due to measles had occurred globally, of which 73, 914 deaths (93%) were occurred in Africa [2, 3] . Before starting measles vaccination program, nearly 90% of children aged under-15 years were infected with measles [4, 5] . In the era of expanded immunization program, the global measles deaths declined by three-fourth from 2000 to 2014 [2, 6, 7] , but measles is still considered as a public health emergency that requires immediate notification and rapid public health response [5] . World Health Organization (WHO) has targeted a global elimination of measles to reduce annual incidence rates (IRs) to less than five cases per million population, which requires more than 90% coverage of at least one dose of Measles-Containing Vaccine (MCV1) by the end of 2015 and more than 95% coverage by 2020 in all countries [5] . In 2015, MCV1 coverage had reached 85% globally, and the measles deaths declined by 79% as compared to 2000 [4] . However, the 2015 measles vaccination goal was not met and measles IR remained relatively unchanged between 2013 and 2014 [2] .
Ethiopia accounted for 3.4% of the estimated 20.8 million infants globally who did not receive MCV1 through routine immunization services in 2015 [8] , and 9% of the global measles mortality is attributed to Ethiopia [6, 9] . In Ethiopia, childhood immunization coverage is improved through the combine effect of Reaching Every District (RED) approach, health extension program and implementation of Enhanced Routine Immunization Activities (ERIAs) [7, [10] [11] [12] . It is expected that measles immunization coverage should have an inverse relation with the of the incidence rate of measles [13] . However, despite a considerable improvement of childhood MCV1 in Ethiopia, measles outbreaks are occurring continuously in most parts of the country. As the MCV1 coverage increased from 59% in 2005 to 84% in 2014 [4, 7, 9, 11, 14] , the incidence rate of confirmed measles cases per 100,000 population increased from 0.6 in 2005 to 11.2 in 2014 [11] . This continuous occurrence of measles outbreak irrespective of measles vaccination could be attributed to spatial heterogeneity of measles vaccination [5, 11] .
Spatial heterogeneity of measles vaccination coverage can delay measles elimination even in countries with high average nationwide vaccination coverages [15, 16] .
Understanding the neighborhood variation in measles vaccination is crucial for evidence-based decision-making in meales perevention and control program and detecting spatial heterogeneity is useful to identify gaps in the performance of measles immunization programme that could not be identified through the routine monitoring of vaccination coverage [5] . However, studies are limited on the spatial pattern of childhood MCV1 and its associated factors in Ethiopia. Hence, this study aimed to explore the spatial pattern of MCV1 and associated factors among children.
Methods

Study settings
The Ethiopia demographic and health survey (EDHS) is a national and subnational representative household survey, which is conducted every 5 year. Ethiopia is second most populous country in Africa, located in the horn of Africa. Administratively, Ethiopia is sub-divided into 11 geographical regions; each region is again sub-divided into zones, and zones into districts. The districts in-further are sub-divided into kebeles (the smallest administrative units). During the 2007 Ethiopian population and housing census, each kebele was sub-divided into enumeration areas (EAs), which were used as a sampling frame for the 2016 EDHS.
The health system of Ethiopia, which focuses on a preventive health care, is organized into three-health tire system: Primary health care unit (PHCU), general hospital and specialized hospital. Routine child immunization is primarily provided at PHCUs through static and outreach sites [17] , and the availability of routine childhood vaccination services including measles vaccine in Ethiopia is 80% [18] .
Study population and eligibility
Children aged 12-35 months living in the selected EAs were the study population. All children aged 12-35 months were included and children whose geographical locations were not available at the global positioning system (GPS) were excluded from this study. Hence, a total of 23 EAs, which consisted 133 children, were excluded from the analysis.
Sampling technique and sample size
The 2016 EDHS used a stratified, two-stage cluster sampling design using the enumeration areas (EAs) of the 2007 Ethiopian population and housing census (PHC) as the primary sampling unit (PSU) and households as the secondary sampling unit (SSU). In the first stage, 645 EAs (202 in urban areas and 443 in rural areas) were selected with probability proportional to EAs size (PPS) from the complete list of 84,915 EAs created for the 2007 PHC sampling frame. In the second stage of selection, a fixed number of 28 households per cluster were selected with an equal probability systematic selection from the newly created household listing. Finally, 16,650 households were successfully interviewed, yielding a response rate of 98%. A total of 3722 children aged 12-35 months nested in 611 EAs were included in this analysis.
The detailed methodology has been published in the 2016 EDHS final report [19] .
Data source and extraction
The 2016 Ethiopia demographic and health survey datasets, which are publicly available to all registered users, were requested and downloaded from Measure DHS program website (https://www.dhsprogram.com/data/ dataset_admin). Childhood MCV1 status and its potential predictor variables at individual and community level were extracted accordingly.
Study variables Dependent variables
MCV1 vaccination status of the last child aged 12-35 months was the outcome variable of this study. If the child had received MCV1, it was classified as "Yes", otherwise "No", and the data was collected from written vaccination records (including the infant immunization card and other health cards), and mothers' verbal reports.
Independent variables
Both individual and community level characteristics were considered as potential the potential predictor variables for MCV1. Table 1 depicted the potential predictor variables included in this study along with their categories. Individual-level (level I) variables include sociodemographic and economic characteristics, while community-level (level II) variables include the common characteristics of study subjects in an enumeration area such as region and place of residence.
Operational definitions
Clustering: An unusual aggregation of children with the same MCV1 status (vaccinated or unvaccinated) in a specific geographical area [20, 21] .
Measles-containing vaccines (MCV): Vaccines containing antigens of measles only (M) or a combination of measles with rubella (MR), mumps (MM, MMR) and varicella (MMRV) vaccines [22] .
Children who received MCV1: Children who received a one dose measles-containing vaccine for the first time at any time before the survey (based on the evidence Distance to health facility (1) A big problem, (2) Not a big problem from vaccination cards, health facility records, or the mother's report) [19] . Exposure to mass media: Women were asked how often they read a newspaper, listened to the radio, or watched television per week. Those who responded at least once a week are considered to be regularly exposed to that form of media [19] .
Data management and statistical analysis
We re-categorized children's age, mother's age, birth order, mother's educational status, religion, number of under-five children, and mother's relation to the head of the household to better suit with other studies for comparison. We used SaTScan 9.6 (https://www.satscan.org/ ) [23] and ArcGIS version 10.3 (http://www.esri.com/) for spatial analysis, and Stata version 14 (https://www. stata.com/) [24] for non-spatial statistical analysis.
Sample weights were applied to compensate for the unequal probability of selection between the strata that has been geographically defined. The detailed explanation of the weighting procedure can be found in the methodology of the EDHS final report [19] .
Spatial Analysis: The aggregated MCV1 count data was joined to the geographic coordinates based on each EA unique identification code. To evaluate whether the pattern expressed is clustered, dispersed, or random across the study areas, global spatial autocorrelation was assessed with ArcGIS using the Global Moran's I statistic (Moran's I) [25] . When p-value indicates statistical significance, a positive Moran's I index value indicates tendency toward clustering while a negative Moran's I index value indicates tendency toward dispersion [25] .
In the presence of positive global spatial autocorrelation, we employed Kulldorff's method of purely spatial scan statistic using the discrete Poisson probability model in SaTScan to detect the local spatial clusters of areas with high or low childhood MCV1 coverages. "SaTScan™ is a trademark of Martin Kulldorff, and a software which was developed under the joint auspices of (i) Martin Kulldorff, (ii) the National Cancer Institute, and (iii) Farzad Mostashari of the New York City Department of Health and Mental Hygiene" [21, 23, 26] . SaTScan uses a circular window that moves systematically throughout the study area to identify statistically significant SaTScan clustering of areas with the same childhood MCV1 coverage. We used a maximum of 10% (to avoid the detection of large clusters) of the population at risk for the spatial cluster size and the analysis was done using standard Monte Carlo hypothesis testing with 999 Monte Carlo replicates. A cluster is statistically significant when its log likelihood ratio (LLR) is greater than the Standard Monte Carlo critical value (C.V) for 0.05 significance level or p-value < 0.05 [21, 23] .
Multilevel logistic regression Analysis: The data of this analysis included 3722 children nested within 611 EAs.
Hence, considering the hierarchical nature of the data, multilevel logistic regression models were fitted to identify community and individual level factors associated with childhood MCV1. Four models were fitted: the first model without any explanatory variable (empty model) to detect the existence of possible contextual effect (model I), the second model with individual-level variables (model II), the third model with community-level variables (Model III) and the fourth model (Model IV) with both the individual-and community-level variables. Model comparison was done using deviance information criteria (DIC) and Akaike's Information Criterion (AIC). Finally, the fourth model (model IV) with the smallest value of the information criterion was selected as the final best fit model.
For measures of association (fixed effect), adjusted odds ratio with 95% confidence intervals was used to declare statistical significance.
For measures of variation (random effects), Intra-class correlation coefficient (ICC), median odds ratio (MOR) and proportional change in variance (PCV) statistics were computed. ICC is a measure of within-cluster variation, the variation between individuals within the same cluster, and it was calculated using the formula: ICC 29 , where V A is the estimated variance in each model, which has been described elsewhere [27] .
The total variation attributed to individual or/and community level factors at each model was measured by the proportional change in variance (PCV), which was calculated as PCV ¼
, where V A = variance of the initial model, and V B = variance of the model with more terms [27] .
The MOR is the median odds ratio between the individual of higher propensity and the individual of lower propensity when comparing two individuals from two different randomly chosen clusters and it measures the unexplained cluster heterogeneity, the variation between clusters by comparing two persons from two randomly chosen different clusters. It was computed using the formula:
, where V A is the cluster level variance [27, 28] . The MOR measure is always greater than or equal to 1. If the MOR is 1, there is no variation between clusters [29] .
Ethical considerations
The data of the 2016 Ethiopia demographic and health survey was used for this study with a permission from the Measure DHS program after being registered and submiting a request with briefly stated objctives of the study. 
Results
Characteristics of study participants and childhood MCV1 prevalence
Nearly half of the children (51%) were in the 12-23 months age group with the mean age of 23 months (± 7SD). Nearly 70% of the children had received pentavalent first dose vaccine (DPT1-HepB1-Hib1) and 49% of children had received third dose of pentavalent vaccine (DPT3-HepB3-Hib3). Over 63% of mothers of the children had no education, one-fourth of them were in the poorest wealth quintile, and 81% had no regular media exposure. The overall prevalence of childhood MCV1 in Ethiopia was 54.3% (95% CI = 52.7-55.9). Relatively the highest MCV1 prevalence (94%) was in Addis Ababa town, and lowest in Afar region (29%). The distance to a health facility was a big problem in the three-fifth (60%) of respondents (Table 2) .
Spatial pattern of childhood MCV1
The global spatial autocorrelation analysis based on feature locations and attribute values revealed a clustering pattern of childhood MCV1 across the study areas (Global Moran's I = 0.134, p-value < 0.0001) (Fig. 1) .
The SaTScan spatial analysis detected a total of seven statistically significant SaTScan clusters areas with low childhood MCV1 coverage, which means that the prevalence of MCV1 is lower inside the SaTScan circular window compared to outside the SaTScan window. The most likely primary SaTScan cluster of areas with low coverage of MCV1 was detected in Afar region (LLR = 33.79, p < 0.01), specifically in Zone 1, Zone 2 and Zone 4 administrative zones and the most likely secondary Spatial SaTScan cluster (LLR = 26.76, p < 0.01) in Eastern Ethiopia, specifically in Afder, Shabelle, Korah, Doolo, Nogob, Jarar, Fatan administrative zones of Somali region.
The 3rd and 4th most likely clusters of areas with low rates of MCV1 were detected in Nuer and Agnuak Administrative zones of Gambella region (LLR = 17.73, P < 0.01) and Zone 2 administration of Afar region (LLR = 14.54, P < 0.01), respectively. In addition, the 5th most likely SaTScan cluster (LLR = 14.49, P < 0.01) was detected in Illuababur and Jimma Administrative zones of Oromia Region, while the 6th most likely SaTScan cluster (LLR = 14.18, P < 0.01) (Table 3 and Fig. 2 ).
Factors associated with the childhood MCV1
In the multilevel analysis, both individual and community level variables were included (Table 4) , and the final best fit model (model IV) revealed that child's age; first and third dose pentavalent vaccination status; maternal age, maternal education; low household wealth index; region; and distance from health facility were factors significantly associated with childhood first dose measles vaccination.
Individual level factors: Children aged 24-35 months old were 1.53 times (AOR = 1.53; 95% CI: 1.25-1.88) more likely to be vaccinated for MCV1 than children aged 12-23 months old. Children who have received first dose pentavalent vaccine (DPT1-HepB1-Hib1) (AOR = 9.09; 95% CI: 6.86-12.03) and third dose pentavalent vaccine (DPT3-HepB3-Hib3) (AOR = 7.12; 95% CI: 5.51-9.18) were more likely to receive first dose of measles vaccine. Children whose mothers' age 20-34 years were 55% (AOR = 0.45; 95% CI: 0.27-0.76) less likely to receive MCV1 compared to those children whose mothers age 15-19 years. In addition, children with maternal age 35-45 years were 55% (AOR = 0.45; 95% CI: 0.25-0.82) less likely to receive MCV1 compared to those children whose mothers age 15-19 years. Children with secondary and higher maternal education were more likely to receive MVC1 vaccination (AOR = 1.62; 95% CI: 1.03-2.55) compared to children whose mothers had no education (Table 4) The odds of MVC1 vaccination were increased by 31% (AOR = 1.31; 95% CI: 1.12-1.61) in children living in areas where distance to health facility is not a big problem compared to children living in areas where distance to health facility is a big problem (Table 4) .
Measures of variation (random-effects) and model fit statistics
As the results of multilevel logistic regression analysis depicted in Table 5 , the null model (Model I) revealed statistically significant variation in childhood MCV1 vaccination across communities [τ = 2.68,p < 0.001], in which 45% Daughter-in-low, sister, other relative, no relation variation in the odds of a child being MCV1 vaccinated is attributed to community-level factors (ICC =45%). After adjusting the model for individual level factors (Model 2), the variation in the odds of a child receiving MCV1 remained statistically significant [τ = 0.56,p < 0.001] across the communities, with 79% of variation in the odds of children who received MCV1 was attributed to the individual factors and 15% of the variance in MCV1 among the children was attributed to community-level factors.
Model 3, which is adjusted for community-level factors, revealed an increased variance of a child being vaccinated for MCV1 [τ = 1.12,p < 0.001] across the communities, as compared to the variance reported in model 2. In this model, the community level factors explained the 58% of the variability in the odds of children receiving MCV1 (PCV = 58.3%), and 25.3% of the variation among the clusters was attributed to community level factors (ICC = 25.3%).
The final best-fit model (model IV), which adjusted for both individual and community-level factors simultaneously, depicted statistically significant variability to the odds of a child being MCV1 vaccinated [τ = 0.48,p < 0.001]. In this final best fit model, about 13% of the variability among communities in the odds of a child being MCV1 vaccinated was due to the community-level factors (ICC = 12.7%) and about 82% of the variance in the odds of MCV1 vaccination (PCV = 82.1%) across communities was attributed to both individual and community-level factors.
In this study, the MOR shows the extent to which the child probability of receiving MCV1 is determined by residential area and is therefore appropriate for quantifying contextual phenomena. It quantifies the variation in MCV1 between clusters (the second-level variation) by comparing two children from two randomly chosen, different clusters. MOR greater than 1 in all models suggests a considerable between-cluster variation in childhood MCV1. Including both individual, and community level factors reduced the unexplained heterogeneity in MCV1 between communities from MOR of 4.73 in the null model to the MOR of 1.93 in the final model.
Discussion
In this study, a total of 3722 children aged 12-35 months nested within 611 clusters were included from the 2016 EDHS data. The prevalence of childhood MCV1 was found to be 54.3% (95% CI = 52.7-55.9) which was low compared to the recent DHS reports of most low and middle income countries such as Egypt, 96% [31] , Kenya, 87% [32] , Rwanda, 95% [33] , Ghana, 89% [34] , Zimbabwe, 82% [35] and Uganda, 80% [36] . It was also low as compared to a local survey finding in the selected zones of Ethiopia by JSI-l10k, 80% [37] , the national report in 2015, 87% [38] . In addition the prevalence of MCV1 is lower than the 2016 national target for childhood MCV1, 91% [38] and the recommended herd immunity threshold, 95% [8, 39] . This childhood MCV1 coverage below the recommended herd immunity threshold (95%) may indicate that not only the country but also the regions with high levels of childhood MCV1 coverage may still be at considerable risk for measles outbreaks.
Exploring spatial heterogeneity in childhood vaccination is gaining attention at all spatial scales to identify gaps and intervene accordingly [40] . In the global spatial autocorrelation analysis of this study, a clustering pattern of childhood MCV1 across the study areas was observed (Global Moran's I = 0.134, p-value< 0.0001). This indicates that approximately the same coverages of childhood MCV1 were aggregated in specific areas. Hence, the SaTScan spatial analysis detected seven statistically significant most likely SaTScan clusters of areas with low MCV1 It may be due to differences in health service accessibility and utilization, as well as socio-cultural differences in the community. This geographical clustering low MCV1 coverage may suggest that regions with high coverage of childhood MCV1 may be at risk for measles outbreaks [41] .
As the multilevel analysis showed, the variation in the childhood MCV1 vaccination was attributed to both individual and community level factors. In the final model (model IV), individual and community-level factors accounted for about 82.1% of the variation observed for childhood MCV1. It is supported by other findings in Ethiopia [42] and Democratic Republic of Congo [43] .
Children aged 24-35 months were more likely to receive MCV1 compared to children aged 12-23 months (AOR = 1.53; 95% CI: 1.25-1.88). This could be due to late initiation of childhood vaccination and Vaccine hesitancy for early ages. This indicates delaying in childhood vaccination which extends the period of vulnerability of children to vaccine preventable diseases [44] . We also found that children who have received the first dose of pentavalent vaccine (AOR = 9.09; 95% CI: 6.86-12.03) and third dose of pentavalent vaccine (AOR = 7.12; 95% CI: 5.51-9.18) were more likely to receive MCV1. This may be due to differences in childhood vaccination service availability and utilization among communities. It could also be justified as; women whose children lacked the first and third doses of pentavalent vaccination may miss the opportunities for information on the importance of childhood measles vaccination. Pentavalent first dose vaccination coverage is a good proxy indicator for the availability of access to and initial use of childhood vaccination services [13] . Hence, a high proportion of pentavalent first dose coverage may indicate the availability of childhood vaccination services in the communities. In addition, the third dose pentavalent vaccination coverage indicates the continuity of use by parents or care takers, client satisfaction with services, and capability of the system to deliver a series of vaccinations [13] . Hence, a high proportion of pentavalent third dose vaccination may indicate better childhood vaccination service utilization and the health system performance in relation to vaccination services.
Maternal education was identified as a strong predictor of childhood immunization in other several studies [45] [46] [47] [48] . Children from mothers with secondary or higher education had higher odds of being vaccinated for MCV1 (AOR = 1.62; 95% CI: 1.03-2.55). This finding is supported by other studies in Ethiopia [42] , Democratic Republic of Congo [43] , Nigeria [49, 50] , Kenya [51] and in India [52] and it is not surprising that educated mothers are generally more likely to utilize health care services including childhood immunization services, and have better communication skills [53, 54] .
From the community level characteristics, geographical region was a significant predictor of childhood MCV1. Children who were living in Afar, Oromia, Somali, Gambella and Harari regions were less likely to receive MCV1 as compared to children lived in Addis Ababa. This could be justified by the regional differences in some background characteristics such as culture, religion, economical status, vaccine supply, and availability and accessibility of immunization health services.
In contrast to the findings that have been documented elsewhere [55] [56] [57] [58] , maternal place of residence was not a significant predictor of childhood MCV1. This may be due to differences in study period, and sample size. However, the finding is consistent with the findings of other studies conducted in central Ethiopia and Nigeria, in which a non-significant association between place of residence and likelihood of childhood MCV1 [45, 59] . This may suggest a need for further investigation.
Finally, this study revealed that children who lived in areas where distance from health facility is not a big problem were more likely to receive childhood MCV1 that is consistent with a study finding in sub-Saharan Africa [60] .
EDHS is a national and subnational representative household survey with a high response rate and the findings are generalizable to the national and subnational populations. Hence, generalizability is the strength of this study. Applying spatial scan statistics and employing multilevel regression models to identify both individual and community level factors that could not be addressed with ordinary logistic regression model are other important strengths. However, recall bias may be introduced due to the retrospective nature of the data, and the maternal verbal reports for childhood vaccination.
Conclusion
A clustered pattern of areas with low childhood MCV1 coverage was observed in Ethiopia. Statistically significant local clusters of areas with low childhood MCV1 were detected in Somali, Afar, Gambella, and Oromia regions of the country. Both the individual level characteristics (child's age, first and third doses of pentavalent vaccination, maternal age and education) and community level characteristics (geographic region and distance from health facility) were statistically significant predictors of childhood MCV1. Hence, it is good if the federal ministry of health and other concerned child health programmers give priority of the areas with low MCV1 coverage identified in this study. It is also better to consider the individual and community level determinant factors identified in this study. 
